Introduction {#s1}
============

The primary cilium provides a unique cellular compartment for interaction with the extracellular milieu. Initiated by discoveries in chemosensation in *Caenorhabditis elegans*, of ciliary defects in polycystic kidney disease, and of the central role of cilia in the vertebrate hedgehog (Hh) signaling pathway, we now know that the organelle is a signaling node for multiple pathways in development, disease, and homeostasis (reviewed in [@bib14]; [@bib26]; [@bib15]). Although the signaling functions of the ciliary membrane are crucial for development and homeostasis, we are just beginning to learn the cellular and molecular mechanisms that underlie the dynamic regulation of ciliary membrane protein composition in existing cilia during cilium-generated signaling ([@bib39]; [@bib35]; [@bib19]; [@bib29]).

During ciliogenesis, soluble proteins are delivered into the organelle by intraflagellar transport (IFT) ([@bib41]). The working model for delivery of ciliary membrane proteins during ciliogenesis is that vesicles derived from the Golgi and containing newly synthesized membrane proteins destined for the cilium traffic via as yet poorly characterized motors to specialized regions of the plasma membrane near the base of the organelle, including the ciliary pocket ([@bib32]; [@bib45]), and enter the cilium as the organelle elongates. IFT proteins are required for the presence of some membrane proteins in the cilium, but it remains unknown whether IFT is required for their entry ([@bib33]; [@bib62]). Several proteins and protein complexes are involved in trafficking of membrane proteins to the organelle during its formation as well as in establishing the barrier, and their mutational disruption leads to aberrant regulation of constitutively localized ciliary membrane proteins, or to complete absence of cilia and to the ciliopathies ([@bib13]; [@bib18]; [@bib47]; [@bib59]; [@bib7]).

After the cilium is fully formed, however, the protein composition of the ciliary membrane does not remain fixed, but is dynamically regulated during cilium-generated signaling. In the well-studied cilium-based Hedgehog (Hh) signaling system in vertebrates, the pathway suppressors Ptch and GPR161 are present in the ciliary membrane in the absence of the Hh ligand, and the effector Smoothened (Smo) is mostly excluded from the cilium and present on the cell plasma membrane and in internal vesicles. When Hh binds to it receptor Ptch, Smo becomes enriched in the ciliary membrane where it regulates downstream events in the pathway ([@bib44]; [@bib31]; [@bib56]; [@bib9]; [@bib34]). Concomitantly, both Ptch and GPR161 are depleted from the organelle. Although several models have been proposed to account for the fascinating, dynamic, regulated enrichment and loss of Hh effectors in the ciliary membrane, we still know few mechanistic details.

The use of cilia as sensory/signaling organelles is an ancient invention. Interactions between receptors (agglutinin polypeptides) on the cilia of *plus* and *minus* gametes during fertilization in the green alga *Chlamydomonas* trigger an anterograde IFT-dependent signaling pathway within the organelles ([@bib55]; [@bib54]) that activates the gametes for cell--cell fusion ([@bib51]). The *plus* agglutinin polypeptide receptor expressed on *plus* gametes is encoded by the SAG1 gene and the *minus* agglutinin polypeptide receptor on *minus* gametes is encoded by the SAD1 gene ([@bib11]). In addition to activating the signaling pathway within each type of gamete, interactions between the SAG1 *plus* agglutinin and the SAD1 *minus* agglutinin cause the cilia of the gametes to adhere to each other, thereby bringing the gametes into the close contact required for gamete fusion.

Recently, using *plus* gametes expressing a *SAG1-HA* transgene, we showed that soon after synthesis of the full-length protein encoded by *SAG1*, it is cleaved to yield the N-terminal *plus* agglutinin polypeptide and a C-terminal, integral membrane polypeptide, SAG1-C65 ([@bib3]). We found that although small amounts of SAG1-C65 were on the cilia of resting *plus* gametes, most was excluded from the organelles and present at the plasma membrane. When the cilium-generated signaling pathway was activated, however, the C-terminal SAG1-C65 polypeptide was rapidly recruited to the ciliary membrane through a mechanism that did not require the anterograde IFT motor kinesin 2/FLA10. Moreover, before entering the cilium during signaling, SAG1-C65 became highly polarized, accumulating in the periciliary region as part of a ciliary entry pathway that required cytoplasmic microtubules. Here, we report that during cilium-generated signaling, cells regulate ciliary membrane SAG1-C65 levels by action of the retrograde IFT motor in the cytoplasm and by regulated shedding of SAG1-C65-containing ciliary ectosomes that retain signaling competency and comprise a distinct membrane compartment.

Results {#s2}
=======

The retrograde IFT motor is required for apical polarization and ciliary enrichment of SAG1-C65 during cilium-generated signaling {#s2-1}
---------------------------------------------------------------------------------------------------------------------------------

The presence in *Chlamydomonas* of only a single cytoplasmic dynein, cytoplasmic dynein 1b, and our previous results that cytoplasmic microtubules participated in periciliary accumulation and ciliary entry of SAG1-C65 during signaling raised the possibility that this microtubule minus end-directed IFT motor ([@bib40]) might participate in SAG1-C65 redistribution. The benzoyl dihydroquinazolinone, ciliobrevin D, has been shown in metazoans to block cytoplasmic dyneins ([@bib22]; [@bib12]; [@bib63]). And, recently [@bib48] showed that ciliobrevin D inhibition of *Chlamydomonas* cytoplasmic dynein 1b (DHC1b) strongly reduced retrograde IFT. We tested for a role of the retrograde IFT motor in SAG1-C65 redistribution during signaling using ciliobrevin D. Early during ciliary adhesion and cilium-generated signaling, activation of a ciliary adenylyl cyclase leads to an ∼15-fold increase in cellular cAMP that activates gametes to prepare for fusion. Thus, it is possible to study cellular events activated by the signaling pathway, such as redistribution of the agglutinin polypeptide, release of cell walls, and upregulation of transcripts for gamete-specific proteins, in gametes of a single mating type by incubating them in the cell-permeable analogue, db-cAMP ([@bib43]; [@bib38]; [@bib16]; [@bib20]; [@bib3]; [@bib36]). We incubated *SAG1-HA*/*sag1-5* gametes (which express a tagged SAG1-C65 polypeptide, SAG1-C65-HA) ([@bib3]) with and without ciliobrevin D for 20 min, activated them by addition of db-cAMP for 5 min in the continued presence of the inhibitor, and then assessed SAG1-C65-HA localization.

As shown previously ([@bib3]), whereas SAG1-C65-HA showed apical localization in only a small portion of resting gametes, the protein became apically localized after gametes were activated by incubation in db-cAMP for 5 min ([Figure 1A,B](#fig1){ref-type="fig"}). Incubation of resting cells in ciliobrevin D reduced the already low percentage of cells with apically localized SAG1-C65-HA ([Figure 1B](#fig1){ref-type="fig"}), and inhibited SAG1-C65-HA redistribution to the apical ends in cells incubated for 5 min in db-cAMP ([Figure 1A,B](#fig1){ref-type="fig"}). Consistent with the results of [@bib48] that ciliobrevin did not completely inhibit the motor activity of cytoplasmic dynein-1b, after longer incubation in db-cAMP, SAG1-C65-HA redistribution returned (not shown). These results indicated that the retrograde IFT motor was essential for the rapid redistribution of SAG1-C65-HA to the peri-ciliary region at the cell apex.10.7554/eLife.05242.003Figure 1.Cytoplasmic dynein 1b is required for the rapid, signaling-induced apical localization and ciliary enrichment of SAG1-C65-HA.(**A**) Confocal images of resting gametes in the presence and absence of Cilio-D for 20 min and gametes activated for 5 min in the presence and absence of Cilio-D. (**B**) Percent of cells showing apical localization of SAG1-HA (see 'Materials and methods'). Data are from three experiments. 100 cells were scored for each condition. Error bars indicate ± SD. (**C**) Immunoblots of cilia, cell bodies and whole cells (8 μg protein/lane) of SAG1-HA cells treated as indicated and activated (or not) with db-cAMP for 5 min. (**D**) Confocal images showing cytoplasmic microtubules in control and Cilio-D treated plus gametes. (**E**) Immunoblot for GSP1 of *plus* cells incubated with or without Cilio-D and with or without db-cAMP. (**F**) Confocal images of resting and db-cAMP activated gametes showing high levels of SAG1-C65-HA in cilia of resting *fla24* gametes and lack of redistribution upon activation. (**G**) Immunoblots of resting and activated whole cells, cell bodies, and cilia (2.5 μg protein/lane) of *fla24* gametes.**DOI:** [http://dx.doi.org/10.7554/eLife.05242.003](10.7554/eLife.05242.003)

Ciliobrevin D inhibition of signaling-induced SAG1-C65-HA apical localization also resulted in a concomitant inhibition of accumulation of the protein in the cilia. Cilia of resting gametes contained little SAG1-C65-HA as assessed by both IF and immunoblotting of isolated cilia, but upon 5-min incubation in db-cAMP, SAG1-C65-HA in the organelles increased in control, but not in the ciliobrevin samples ([Figure 1A,C](#fig1){ref-type="fig"}, upper panels). The effects of ciliobrevin D were transient, and cells washed out of the inhibitor rapidly regained the ability to respond to db-cAMP by accumulating SAG1-C65-HA in their cilia ([Figure 1C](#fig1){ref-type="fig"}). IF analysis showed that the array of cytoplasmic microtubules was unaffected by ciliobrevin D ([Figure 1D](#fig1){ref-type="fig"}). And, the inhibitor had no effect on total cellular SAG1-C65-HA ([Figure 1C](#fig1){ref-type="fig"}, lower panels). Interestingly, and consistent with the IF results that ciliobrevin D treatment of resting cells reduced the percent with apical localization of SAG1-C65-HA, the basal level of SAG1-C65-HA in cilia isolated from ciliobrevin D-treated resting gametes was lower than in the control, resting gametes ([Figure 1C](#fig1){ref-type="fig"}). We also examined whether the inhibitor blocked signaling per se, by testing its affects on signaling-induced phosphorylation of the homeodomain protein, GSP1 ([@bib60]). As shown in [Figure 1E](#fig1){ref-type="fig"}, gametes in ciliobrevin D remained capable of responding to db-cAMP as assessed by the phosphorylation-related change in migration of GSP1 in immunoblots ([@bib60]). Thus, apical localization and ciliary enrichment of SAG1-C65 during signaling were both inhibited by the cytoplasmic dynein inhibitor, ciliobrevin D, indicating that the retrograde IFT motor acts in the cytoplasm to enrich SAG1-C65 in the peri-ciliary region concomitant with entry of the protein into the ciliary membrane.

As a further test for a role of the retrograde IFT motor in SAG1-C65 trafficking, we introduced the SAG1-HA transgene into the cytoplasmic dynein mutant strain *fla24*, which has an L3242P mutation in dynein heavy chain 1b (DHC1b) ([@bib27]). *fla24* exhibits a temperature-sensitive ciliary phenotype, being ciliated at 21°C, and without cilia after 4--6 hr at 32°C. Even at 21°C, however, DHC1b and its associated light chain protein D1bLIC are reduced dramatically and the level of D1bLIC in *fla24* cells is less than 7% of wild type at 21°C ([@bib27]). Thus, we tested the effects of reduced retrograde IFT motor function on SAG1-C65-HA apical localization and ciliary entry by using *SAG1-HA/fla24* gametes at 21°C. Consistent with the results with ciliobrevin D, at 21°C, SAG1-C65-HA failed to undergo rapid apical redistribution in the DHC1b-depleted *fla24* gametes incubated in db-cAMP ([Figure 1F](#fig1){ref-type="fig"}) and the amount of SAG1-C65-HA in cilia did not increase ([Figure 1G](#fig1){ref-type="fig"}). Interestingly, the depleted levels of the retrograde IFT motor in the *fla24* cells were also associated with aberrantly large amounts of ciliary SAG1-C65-HA in resting gametes ([Figure 1F,G](#fig1){ref-type="fig"}). Thus, the retrograde IFT motor is required for trafficking of SAG1-C65-HA during ciliogenesis of gametes, and it is required for redistribution of SAG1-C65-HA to the peri-ciliary region and into the cilium during cilium-generated signaling.

SAG1-C65-HA is depleted from cells during sustained ciliary adhesion and signaling {#s2-2}
----------------------------------------------------------------------------------

We also followed the fate of SAG1-C65-HA when SAG1-C65-HA *plus* gametes were mixed with fusion-defective *hap2 minus* gametes and allowed to undergo sustained ciliary receptor-induced signaling ([@bib28]). As expected, cilia isolated after 30 min of signaling possessed substantial amounts of SAG1-C65-HA ([@bib3]), and both the ciliary and cell body SAG1-C65-HA levels remained constant for 3 hr ([Figure 2A](#fig2){ref-type="fig"}, control). Previously ([@bib36]), we showed that gametes upregulate SAG1 transcripts fourfold to fivefold during gamete activation ([Figure 3B](#fig3){ref-type="fig"}), and thus we were surprised that the protein levels failed to increase during the 3-hr experiment. Although protein levels do not necessarily reflect transcript levels, both the transcript ([@bib36]) and protein amounts of the *minus* gamete-specific membrane protein HAP2 increased during gamete activation ([Figure 2B,C](#fig2){ref-type="fig"}). Therefore, we tested whether SAG1-C65-HA was being synthesized and then turned over by the gametes undergoing sustained, agglutinin receptor-induced ciliary signaling by examining protein amounts in samples in which protein synthesis was blocked. At 30 min after mixing the gametes together in the protein synthesis inhibitor, cycloheximide (CH), the amount of SAG1-C65-HA in the cilia was similar to that of control, signaling gametes as shown previously ([@bib3]). At 1.5 hr, however, SAG1-C65-HA in the cilia of the CH-treated samples had decreased, and at 3 hr the amount of SAG1-C65-HA in the cilia had fallen dramatically ([Figure 2A](#fig2){ref-type="fig"}, CH).10.7554/eLife.05242.004Figure 2.SAG1-C65-HA is lost from cells during adhesion and signaling.(**A**) Immunoblot analysis of SAG1-C65-HA in isolated cilia and cell bodies (8 μg protein/lane) from cells activated by mixing with *hap2 minus* gametes. Cells were pretreated (or not) for 15 min with 10 mg/ml cycloheximide (CH) before mixing. (**B**) RNA-Seq data from [@bib36] showing transcript abundance as median reads per kilobase per million mapped reads (RPKM) values of SAG1 and HAP2 transcripts from vegetative cells, resting gametes, and activated gametes of both mating types. (**C**) Immunoblots using HA and tubulin antibodies of HAP2-HA *minus* gametes (1.5 × 10^7^ cells/ml) mixed with an equal number of *fus1 plus* gametes for the indicated times. (**D**) Immunoblot analysis of SAG1-C65-HA in isolated SAG1-HA resting cells, SAG1-HA cells activated with db-cAMP, and SAG1-HA cells activated by undergoing ciliary adhesion with *hap2 minus* gametes in the presence of the protein kinase inhibitor staurosporine (1 μM; st.).**DOI:** [http://dx.doi.org/10.7554/eLife.05242.004](10.7554/eLife.05242.004)10.7554/eLife.05242.005Figure 3.Adhering gametes release SAG1-C65-HA in a membrane-associated form.(**A**) Immunoblot analysis of SAG1-C65-HA in cells and medium harvested after undergoing adhesion and signaling with fusion-defective *hap2 minus* gametes for the indicated times. 1 × 10^6^ cell equivalents were loaded in each lane. (**B**) Number of cell equivalents of SAG1-HA released into the medium 3 hr after mixing SAG1-C65-HA gametes with *hap2* gametes in the presence and absence of CH as assessed by quantitative immunoblotting. Results are averages from the experiment shown in (**A**) and at least one other independent experiment. Error bars show S.D. (**C**) Immunoblot analysis of SAG1-C65-HA in the medium collected from SAG1-HA gametes undergoing adhesion with *hap2 minus* gametes. Before mixing, cells were activated (or not) with db-cAMP and then mixed together in the presence or absence of 1 μM staurosporine (st.) for 3 hr. (**D**) Immunoblot analysis of SAG1-HA distribution after differential centrifugation of medium from SAG1-C65-HA and *hap2* gametes that had been adhering for 3 hr. S, supernatant; P, pellet. (**E**) Distribution of SAG1-C65-HA after 200,000×*g* centrifugation of ectosome samples that had been incubated on ice for 20 min in 0.5 M NaCl or 2% NP-40 in HMDEK buffer. S, supernatant; P, pellet.**DOI:** [http://dx.doi.org/10.7554/eLife.05242.005](10.7554/eLife.05242.005)

Notably, SAG1-C65-HA was also depleted from the cell body during agglutinin receptor-induced signaling in CH ([Figure 2A](#fig2){ref-type="fig"}, CH). This wholescale depletion of cellular SAG1-C65-HA in CH was not simply a reflection of normal turnover, because the amount of SAG1-C65-HA in resting gametes was unchanged after 3 hr in CH ([Figure 2D](#fig2){ref-type="fig"}). Moreover, SAG1-C65-HA also remained constant in gametes activated with db-cAMP in the presence of CH ([Figure 2D](#fig2){ref-type="fig"}), and no SAG1-C65-HA could be detected in the medium (not shown). And, gametes undergoing sustained agglutinin-induced signaling in CH in the presence of the protein kinase inhibitor staurosporine, which blocks recruitment of SAG1-C65-HA to cilia ([@bib3]), also did not lose SAG1-C65, indicating that interactions of the agglutinin receptors on *plus* and *minus* gametes and signaling were required for loss ([Figure 2D](#fig2){ref-type="fig"}).

SAG1-C65-HA is released into the medium during adhesion and signaling {#s2-3}
---------------------------------------------------------------------

To determine whether the lost SAG1-C65-HA had been shed into the medium, we activated sustained agglutinin receptor interactions by mixing SAG1-C65-HA *plus* gametes and fusion-defective *minus* gametes together for 3 hr, harvested the cells, and then determined SAG1-C65-HA amounts in equal portions of the cells and the medium. As shown in [Figure 3A](#fig3){ref-type="fig"} (upper panels), cells indeed released SAG1-C65-HA into the medium during receptor-activated signaling. Moreover, the amount recovered in the medium after 3 hr was three times as much as present in the starting cells ([Figure 3A,B](#fig3){ref-type="fig"}), indicating that the relatively constant levels of cell body and ciliary SAG1-C65-HA during sustained agglutinin receptor interactions and signaling reflected a dynamic balance between synthesis, ciliary delivery, and release from the cilia. Moreover, when the cells were mixed together in the presence of the protein synthesis inhibitor cycloheximide, nearly 75% of the SAG1-HA in the cells at T = 0 was recovered in the medium after 3 hr of receptor-activated signaling, demonstrating that release was the major fate of the protein ([Figure 3A](#fig3){ref-type="fig"}, lower panels and [Figure 3B](#fig3){ref-type="fig"}). Consistent with the results above, SAG1-C65-HA was absent from the medium of adhering gametes in which signaling and ciliary recruitment of SAG1-C65-HA were blocked by the addition of staurosporine ([Figure 3C](#fig3){ref-type="fig"}). On the other hand, compared to control *SAG1-HA* gametes undergoing receptor-activated signaling induced by mixing them with *hap2 minus* gametes, *SAG1-HA* gametes that had been activated by pre-incubating them with db-cAMP and then mixed with *hap2* gametes, released increased amounts of SAG1-C65-HA into the medium, even when staurosporine was also added to the medium ([Figure 3C](#fig3){ref-type="fig"}). Thus, once gametes had been activated with db-cAMP, staurosporine no longer blocked release of SAG1-C65-HA during agglutinin receptor interactions.

Differential centrifugation showed that the SAG1-C65-HA in the medium was particulate. It was in the supernatant after sedimenting the cells at low speed, remained soluble after centrifugation at intermediate speed (20,000×*g*), and was sedimented upon centrifugation at 200,000×*g* ([Figure 3D](#fig3){ref-type="fig"}). Thus, nearly all of the SAG1-C65-HA that was lost during ciliary adhesion was recovered in the medium in a particulate form. Biochemical fractionation indicated that SAG1-C65-HA harvested from the medium by high-speed centrifugation indeed was an integral membrane protein ([@bib3]), A high salt wash failed to release the protein, but release required detergent ([Figure 3E](#fig3){ref-type="fig"}). Taken together, these results indicated that ciliary receptor interactions and signaling triggered release of SAG1-C65-HA from the cilia into the medium in a particulate, membrane-associated form.

Ciliary receptor interactions and signaling induce shedding of SAG1-C65-containing vesicles from cilia {#s2-4}
------------------------------------------------------------------------------------------------------

Several groups have reported that vegetative cells and gametes constitutively release membrane vesicles ([@bib58]; [@bib4]; [@bib49]; [@bib8]), and very recently [@bib61] demonstrated release of biologically active ciliary ectosomes from vegetative cells during cell division. Moreover, Goodenough and Heuser reported several years ago that cilia on adhering gametes possessed associated membrane vesicles that were absent from non-adhering samples ([@bib17]). Those studies did not determine whether the vesicles seen in the samples of the mixed gametes represented vesicles that were in the medium of each gamete type before the cells were mixed, or if their formation was induced by adhesion.

We washed gametes into fresh medium to remove any vesicles that might have been present in the medium, and used negative staining and TEM to examine the cilia of non-adhering and adhering gametes. As expected, the cilia of the non-adhering gametes exhibited a smooth membrane with no evidence of particulate material ([Figure 4A](#fig4){ref-type="fig"}). The surfaces of cilia of *plus* and *minus* gametes that had been washed into fresh medium and mixed together for 10--15 min, however, were strikingly different ([Figure 4B](#fig4){ref-type="fig"}). Adhesion had triggered appearance of vesicles on the ciliary surfaces, some along the shafts of the organelles, and many near the ciliary tips. Some of the vesicles were in clusters, but many were single vesicles in intimate association with the ciliary membrane. Formation of vesicles during ciliary adhesion was unique to cilia, and we did not observe vesicles associated with the cell body surface of the gametes. Importantly, similar to the release of SAG1-C65-HA from cilia detected by biochemical methods, formation of the vesicles required ciliary receptor-induced signaling and vesicles were not detected on cilia of *plus* gametes alone activated by db-cAMP ([Figure 4D](#fig4){ref-type="fig"}). Taken together, the simplest explanation for these results is that ciliary adhesion and signaling triggered shedding of ciliary membranes in the form of ciliary ectosomes.10.7554/eLife.05242.006Figure 4.Adhering gametes release SAG1-C65-HA as ciliary ectosomes.(**A**) Negative stain transmission electron micrographs of resting wild type *plus* gametes showing the smooth membranes of the cilia. The inset shows a higher magnification view of the tip of a cilium. (The scale bars shown in this and subsequent TEM images are 1000 nm, with the exception that the bar in [Figure 4E](#fig4){ref-type="fig"} is 200 nm.) (**B**) Wild type *plus* and *hap2 minus* gametes were washed into fresh N-free, mixed together for 10--15 min, and prepared for TEM. The adhering cilia contained larger numbers of associated vesicles. The inset shows a higher magnification view of the vesicles at the ciliary tips. (**C**) High magnification view of adhering cilia of wild type *plus* and *hap2 minus* gametes showing vesicles. (**D**) Vesicles were absent from the cilia of db-cAMP-activated wild type *plus* gametes. (**E**) TEM of ciliary ectosomes harvested from the medium of adhering wild type *plus* and *hap2 minus* gametes. (**F**) Immunoblots with the indicated antibodies of equal protein amounts (8 μg/lane) of ciliary ectosomes (right lane) and cilia isolated from a mixture of adhering SAG1-C65-HA *plus* gametes and *hap2 minus* gametes (left lane). (**G**) Relative abundance of SAG1-HA and FMG1 in equal amounts of protein of ciliary ectosomes compared to cilia in a representative experiment. Error bars show S.D. from at least three quantifications of immunoblots.**DOI:** [http://dx.doi.org/10.7554/eLife.05242.006](10.7554/eLife.05242.006)10.7554/eLife.05242.007Figure 4---figure supplement 1.Model illustrating unidirectional trafficking of SAG1 during ciliary adhesion and signaling.SAG1\* in resting cells is present at the cell periphery, with only small amounts in cilia. Initial ciliary adhesion to *minus* gametes by SAG1 agglutinin--SAD1\*\* agglutinin interactions triggers gamete activation and redistribution of SAG1 to the peri-ciliary region at the apical ends of the cells followed by ciliary entry. The retrograde IFT motor, cytoplasmic dynein 1b, is required for SAG1 movement along the cytoplasmic microtubules that originate from sites near the bases of the cilia. Although the anterograde motor is not required for ciliary entry of SAG1, it remains unknown whether it transports SAG1 once it is in the cilia. During sustained ciliary adhesion and signaling, SAG1 is released into the medium in the form of ciliary ectosomes and is replaced by protein synthesis. \*Although we lack information on whether the SAG1 *plus* agglutinin fragment and SAG1-C65 form a complex, for simplicity they are here depicted as a single unit (orange stars). \*\*For the purpose of illustrating ciliary adhesion, the model depicts SAD1 \[violet stars\] on *minus* gametes interacting with SAG1 on *plus* gametes and undergoing similar redistribution. Whether SAD1 behaves similarly to SAG1 is unknown, and thus SAD1 behavior in the model is purely speculative.**DOI:** [http://dx.doi.org/10.7554/eLife.05242.007](10.7554/eLife.05242.007)

Ciliary ectosomes represent a unique ciliary membrane compartment and possess ciliary signaling activity {#s2-5}
--------------------------------------------------------------------------------------------------------

Negative staining TEM confirmed that the particulate material isolated from the medium of adhering gametes indeed was composed of vesicles similar to those being released from the surface of the adhering cilia ([Figure 4E](#fig4){ref-type="fig"}). To our surprise, the protein composition of these ciliary ectosomes was much different than that of isolated cilia. Immunoblotting ([Figure 4F](#fig4){ref-type="fig"}) showed that isolated cilia contained typical ciliary proteins including IFT81, IFT139, alpha tubulin, Bug22 (an axonemal protein; [@bib30]), SAG1-C65, and the major ciliary membrane protein, FMG1. On the other hand, immunoblot analysis of an equal amount of ciliary ectosome protein showed that SAG1-C65-HA was enriched nearly sixfold in ciliary ectosomes compared to cilia, but most other ciliary proteins were de-enriched ([Figure 4F,G](#fig4){ref-type="fig"}). FMG1 was detectable, but strikingly de-enriched (relative abundance \<0.1 in ciiary ectosomes compared to cilia; [Figure 4F,G](#fig4){ref-type="fig"}), and IFT81, IFT139, Bug22, and alpha tubulin typically were not detectable. Thus, SAG1-C65-containing ciliary ectosomes represented a unique ciliary compartment released from cilia during receptor-activated signaling.

We examined whether the isolated ectosomes contained biological activity by mixing them with *minus* gametes and testing for agglutinin receptor interactions and gamete activation. As shown by TEM ([Figure 5A](#fig5){ref-type="fig"}, right panel), the vesicles adhered along the lengths of the cilia of the *minus* gametes, demonstrating that the ectosomes possessed the *plus* agglutinin polypeptide that bound to the SAD1 agglutinin polypeptide on the cilia of the *minus* gametes. Vesicles did not adhere to flagella of *minus* vegetative cells, which do not express the *minus* agglutinin, demonstrating that binding was specific ([Figure 5A](#fig5){ref-type="fig"}, left panel). A direct binding assay confirmed the TEM results. Isolated ectosomes were incubated with *minus* vegetative cells or *minus* gametes for 15 min, followed by harvesting of the cells by centrifugation. Analysis of the harvested whole cells by immunoblotting showed that only *minus* gametes bound the SAG1-C65-HA vesicles. Furthermore, cell fractionation showed that the vesicles bound only to the cilia, and little if any binding was detected in the cell body fraction ([Figure 5B](#fig5){ref-type="fig"}).10.7554/eLife.05242.008Figure 5.Ciliary ectosomes possess agglutinin receptor binding and signaling activity.(**A**) TEM of cilia on *minus* vegetative cells (left panel) and gametes (right panel) that had been mixed with ciliary ectosomes. Only the cilia on the gametes bound ciliary ectosomes. (**B**) Immunoblot analysis of binding of SAG1-C65-HA-containing ectosomes to whole cells, cell bodies, and cilia of *minus* gametes. The initial sample of cells + ectosomes is also shown (input).The lanes contain equal cell equivalents. (**C**) Cilium-generated signaling was activated when ciliary ectosomes were mixed with *HAP2-HA minus* gametes, as assessed by activation-induced upregulation of expression of the gamete fusion protein, HAP2.**DOI:** [http://dx.doi.org/10.7554/eLife.05242.008](10.7554/eLife.05242.008)

Finally, we tested whether the isolated ectosomes possessed the ability to activate signaling in *minus* gametes. When *minus* gametes are activated by mixing with *plus* gametes, they upregulate synthesis of several genes specifically expressed in *minus* gametes, including the *minus* gamete fusion protein HAP2 ([@bib27a]; [@bib36]). We tested for signaling activity of the ectosomes by mixing them with *minus* gametes expressing a tagged form of the gamete fusion protein HAP2 (HAP2-HA) and (as a control) with *minus* vegetative cells, and assessed HAP2-HA protein levels. As shown in [Figure 5C](#fig5){ref-type="fig"}, addition of the ectosomes indeed led to substantial increase in HAP2-HA. Thus, the isolated ciliary ectosomes were capable of activating cilium-generated signaling.

Discussion {#s3}
==========

We report here that membrane protein trafficking through the cilium during cilium-generated signaling in *Chlamydomonas* is uni-directional and depends on the concerted action of two cellular processes, protein delivery to the ciliary base by the retrograde IFT motor, cytoplasmic dynein 1b, and shedding of a unique ciliary membrane compartment in the form of ciliary ectosomes. Use of both a retrograde IFT motor mutant, *fla24* and the cytoplasmic dynein 1b inhibitor, ciliobrevin D, showed that the signaling-triggered rapid polarization of SAG1-C65-HA and its entry into the ciliary membrane were inhibited when motor function was impaired ([Figure 1](#fig1){ref-type="fig"}). Thus, the retrograde IFT motor transports SAG1-C65-HA from distal cellular membrane sites to the periciliary region, either within the plasma membrane or as vesicles within the cytoplasm. The increased amounts of SAG1-C65-HA in the cilia of resting *fla24* gametes ([Figure 1F,G](#fig1){ref-type="fig"}) also indicated that the retrograde motor is important for membrane protein trafficking during the ciliogenesis that accompanies gamete formation. In their studies of a conditional DHC1b mutant, *dhc1b-3*, [@bib10] found several differences in ciliary protein composition compared to wild-type. Whether the increased amount of SAG1-C65-HA in the *fla24* cilia reflects a direct or indirect role for the retrograde motor in regulating ciliary membrane protein composition is unclear ([@bib23]; [@bib37]). Although several membrane-associated proteins and protein complexes are strongly implicated in targeting ciliary membrane proteins to the periciliary region in many cell types ([@bib35]; [@bib62]), the motors that carry ciliary-destined membrane proteins to the base of the organelle have been largely unidentified. One notable exception is photoreceptor cells in which cytoplasmic dynein 1 (not the retrograde IFT motor) is involved in trafficking of rod outer segment membrane proteins from the golgi to the base of the connecting cilium ([@bib53]; [@bib24]).

[@bib23] reported that treatment of mammalian cells with vinblastine, an agent that disrupts cytoplasmic microtubules, had no effect on Smoothened accumulation in the primary cilium many hours after addition of the Hh ligand. On the other hand, the parent compound of ciliobrevin D, HPI-4, inhibited Hh-induced ciliary accumulation of Smoothened by 60--70% 12 hr after addition of the Hh ligand, raising the possibility that a cytoplasmic dynein is involved in trafficking of Smoothened to the cilium in metazoans ([@bib22]). And [@bib63] found that ciliobrevin unexpectedly inhibited anterograde IFT after a 30 min incubation, leading them to suggest that a cytoplasmic dynein might be involved in the delivery of IFT complexes in the cytoplasm to the base of the cilium.

In addition to this signaling-regulated delivery of pre-existing membrane proteins to an existing organelle, cells also deliver pre-existing and newly synthesized membrane proteins to the cilium during ciliogenesis ([@bib46]; [@bib62]). And, vectorially labeled proteins on the membrane of de-ciliated cells become incorporated into cilia as they regrow ([@bib20]; [@bib8]). It will be interesting to determine whether ciliary growth in *Chlamydomonas* depends on cargo transport along cytoplasmic microtubules by cytoplasmic dynein 1b. Given that growth of new cilia is dependent on anterograde IFT, whereas signaling-induced movement of pre-existing SAG1-C65-HA into existing cilia is independent of anterograde IFT, it may be that cells use one membrane protein trafficking modality for ciliary assembly and a different one for regulated ciliary enrichment of pre-existing membrane proteins.

Studies many years ago showed that cilia of *Chlamydomonas* vegetative cells and gametes undergo constitutive membrane shedding ([@bib58]; [@bib4]; [@bib49]) of vesicles similar in protein composition to the ciliary membrane. The recent work of [@bib8] showed that vegetative cells shed over 15% of their ciliary membrane per hr, and that the protein composition of the constitutively shed membrane vesicles was similar to that of the ciliary membrane per se. In our current studies, however, resting gametes did not shed SAG1-C65-containing ciliary ectosomes, but shedding of such ectosomes required receptor interactions and signaling. It is likely that the vesicles [@bib17] observed 25 years ago on adhering cilia corresponded to those we isolated from the medium. Notably, the shed vesicles we isolated were enriched in SAG1-C65-HA and de-enriched in the 350 kDa major membrane protein compared to cilia. And, nearly the entire cellular complement of pre-existing SAG1-C65-HA was shed in ∼3 hr. Thus, receptor signaling-induced shedding of SAG1-C65-containing ciliary ectosomes was much more rapid and selective than the previously reported, constitutive shedding of ciliary membrane vesicles, and likely depends on a mechanism distinct from that used for constitutive shedding.

Our discovery that the isolated ciliary ectosomes possessed the ability to bind to the cilia of *minus* gametes and activate cilium-generated signaling ([Figure 5](#fig5){ref-type="fig"}) indicated that the ectosomes also contained the *plus* receptor agglutinin polypeptide, which likely is an N-terminal fragment of the 340 kDa full length protein encoded by the *SAG1* gene ([@bib3]). Several workers have reported that the agglutinin activity is lost during adhesion ([@bib57]; [@bib52]; [@bib1]; [@bib42]; [@bib20]; [@bib21]), and, using a semi-quantitiative bioassay, we reported that over 60% of it could be recovered in an uncharacterized form in the medium ([@bib20]). In future studies, it will be interesting to determine if the integral membrane polypeptide SAG1-C65 is the membrane anchor for the agglutinin polypeptide, which lacks predicted transmembrane domains. These considerations lead to the model that release of ciliary ectosomes during ciliary adhesion and signaling underlies the dynamic nature of ciliary adhesion evidenced by constant cilia adhesion and de-adhesion within mixtures of *plus* and *minus* gametes. From another perspective, because the released ectosomes retain biological activity, their formation might help to maximize the probability of zygote formation.

As indicated above, recent studies showed that regulated formation of ciliary ectosomes is not unique to the cilia of gametes or possibly not even to *Chlamydomonas*. [@bib61] reported that *Chlamydomonas* vegetative cells release ciliary ectosomes that contain an enzyme required for release of the extracellular matrix during cell division ([@bib25]). And, several groups have identified biologically active microvesicles from metazoans that contain ciliary proteins and are capable of binding to cilia ([@bib18a]; [@bib2]; [@bib6]). Regulating the membrane protein composition of the cilium is a central feature of cilium-dependent signaling. Current models posit that regulation of ciliary membrane protein composition is controlled by bidirectional flow of membrane proteins from the cell body to the cilium and back. Direct evidence has been lacking, however, that ciliary membrane proteins lost from the cilium during signaling actually return to the cell, because of the difficulty in determining the fate of ciliary proteins in most systems. Our results demonstrate that cells can maintain a steady-state level of a ciliary membrane protein by unidirectional flow ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}) in which proteins move from the cell body to the cilium and then into the extracellular milieu.

Materials and methods {#s4}
=====================

Strains and special chemicals {#s4-1}
-----------------------------

*Chlamydomonas reinhardtii* strains *21gr* (mating type *plus*; CC-1690), *6145C* (mating type *minus*; CC-1691), and the fusion-defective *minus* strain *hap2* are available from the *Chlamydomonas* Genetics Center, University of Minnesota, St. Paul. A *SAG1-HA* transgene was introduced into the ciliary adhesion mutant *mt+/sag1-5* as previously described ([@bib3]). Staurosporine, cycloheximide, dibutyryl-cAMP, and poly-l-lysine were from Sigma--Aldrich (St. Louis, MO) and ciliobrevin D was from Calbiochem (Darmstadt, Germany). Dhc1b mutant *fla24 plus* cells expressing *SAG1-HA* were obtained from a cross between *fla24 minus* gametes and SAG1-HA/*sag1-5 plus* gametes.

Cell culture, cell fractionation, and harvesting of ciliary ectosomes {#s4-2}
---------------------------------------------------------------------

Cell growth, induction of gametogenesis by transfer of vegetatively growing cells into N-free medium, fractionation of cells into cell bodies and cilia, and storage of samples were as previously described ([@bib3]). Ciliary ectosomes were isolated from the medium as follows. The indicated *plus* and *minus* gametes were pre-treated with lysin for 30 min to remove cell walls ([@bib20]). After washing with fresh N-free medium, the *plus* and *minus* gametes were mixed with aeration for the times indicated in the figure legends. The samples were centrifuged at 1600×*g* for 10 min to sediment the cells. The supernatant medium was centrifuged at 20,000×*g* for 30 min and the resulting supernatant was centrifuged at 200,000×*g* for 60 min in a TLA 100.3 rotor (Beckman) to sediment membrane vesicles, which were resuspended in N-free medium or HMDEK (20 mM pH = 7.2 HEPES, 5 mM MgCl~2~, 1 mM dithiothreitol, 1 mM EDTA, 25 mM KCl) buffer.

Ciliary ectosome binding assay {#s4-3}
------------------------------

Ciliary ectosomes harvested from 1.2 × 10^8^ adhering gametes were mixed with freshly washed *minus* gametes (4 × 10^7^ cells) in 0.4 ml N-free medium with gentle agitation. After 15 min, after removing a portion to be used as input, a portion was centrifuged at 20,000×*g* for 2 min to sediment whole cells and any bound vesicles. The remaining portion was de-ciliated, and centrifuged at 600×*g* for 2 min to sediment the cell bodies. The supernatant was centrifuged at 20,000×*g* for 2 min to sediment the cilia. All the fractions were boiled in 1 × SDS sample buffer for 5 min, and then subjected to SDS/PAGE analysis on 4--20% gradient gels (GenScript, USA).

SDS-PAGE and immunoblotting {#s4-4}
---------------------------

SDS-PAGE and immunoblotting were essentially as described previously ([@bib5]) with slight modifications ([@bib3]). Cells, cilia, and ciliary ectosome samples were boiled in 1 × SDS sample buffer for 5 min, and then subjected to SDS-PAGE analysis on 4--20% gradient gels (GenScript, USA). The antibodies used for immunoblotting were anti-HA (1:1000; Roche), anti-α-tubulin (1:3000 or 1:200,000; Sigma), anti-GSP1 (1:20,000; [@bib60]), anti-FMG1 (1:100,00), anti-IFT139 (1:50,000), anti-IFT81 (1:1000), and anti-BUG22 (1:500,000). Mouse monoclonal antibody against FMG1 was generously provided by Robert Bloodgood (University of Virginia). Monoclonal antibodies against IFT81 and IFT139 were generously provided by Dennis Deiner and Joel Rosenbaum (Yale University). Rabbit polyclonal antibody against BUG22 was generously provided by Dan Meng and Junmin Pan (Tsinghua University). The amount of SAG1-HA released into the medium during adhesion was determined by use of ImageJ analysis of immunoblots of equal proportions of cells and medium. Determinations were made under conditions in which the amount of sample loaded was linear with the signal obtained. Similar methods were used to determine the relative abundance of FMG1 and SAG1-HA in equal protein amounts of ciliary ectosomes compared to cilia.

Immunofluorescence microscopy {#s4-5}
-----------------------------

Immunofluorescence was carried out essentially as described previously ([@bib49]; [@bib3]). In some cases, the protocol was modified as follows ([@bib5]): Cells in N-free medium were collected by centrifugation, resuspended in N-free medium, and fixed for 2 min at room temperature in 4% paraformaldehyde in N-free medium. After removing the fixation buffer, the cells were resuspended in PBS and allowed to adhere to 0.1% poly-l-lysine-coated microscope slides for 10 min at room temperature. The slides were immersed in ice-cold 100% methanol for 10 min at −20°C, removed, and allowed to air dry. The primary antibodies were anti--α-tubulin (1:400; Sigma) and rat anti-HA (1:100; Roche). The secondary antibodies were Alexa Fluor 488 goat anti-rat/mouse IgG (1:400; Molecular Probes) and Texas red goat anti-mouse IgG (1:400; Molecular Probes). The slides were examined with a Zeiss LSM780 Observer Z1 Confocal Laser Microscope or a Zeiss Axioplan 2E, motorized focus drive with a Hamamatsu monochrome digital camera. Images were acquired and processed by ZEN 2009 Light Edition and Adobe Photoshop software, and assembled in Adobe Illustrator (Adobe Systems).

Transmission electron microscopy (TEM) {#s4-6}
--------------------------------------

Negative staining and TEM were carried out as described previously ([@bib49]) with slight modifications. Briefly, cells or ciliary ecotosomes in N-free medium were applied to 200 mesh carbon-formvar coated grids (Electron Microscopy Sciences, USA) and allowed to adhere for 30 s. The liquid was removed from the side by wicking with filter paper and the grids were washed twice with distilled water. Uranyl acetate (2%) was then applied for 10 s, and removed with filter paper. The samples were imaged on a FEI Tecnai G2 Spirit BioTWIN Transmission Electron Microscope. Images were processed by Adobe Photoshop software, and assembled in Adobe Illustrator (Adobe Systems).
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Thank you for sending your work entitled "Unidirectional ciliary membrane protein trafficking by the cytoplasmic retrograde IFT motor and cilia ectosome shedding" for consideration at *eLife*. Your article has been favorably evaluated by Randy Schekman (Senior editor) and 2 reviewers, including Maxence Nachury who is serving as a Guest Reviewing Editor.

The Reviewing editor and the other reviewer discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

Both reviewers felt that the manuscript is an important contribution to ciliary signaling and trafficking, with very high disease significance given the established link between ciliary signaling and ciliopathies. Mechanistically, the data in [Figure 4F](#fig4){ref-type="fig"} are remarkable as they show that ectosomes contain a very specific set of proteins that is different from the protein complement of the cilium. This strongly suggests that specific proteins such as SAG are selected by a specialized machinery to become incorporated into forming ectosomes.

The logical progression of the experiments provides clarity and impact to the paper and the reviewers found little to fault in your submission. The major points that need to be addressed are as follow:

1\) The conclusion that the IFT Dynein is active in the cytoplasm of *Chlamydomonas* is entirely reliant on the drug Ciliobrevin D. As this drug is a relatively newly developed reagent, further work may uncover caveats with its use such as off-target effects. The use of a temperature-sensitive mutant of IFT Dynein (described in [@bib10]; doi:10.1083/jcb.201206068) to repeat the major findings ([Figure 1 A and B](#fig1){ref-type="fig"}) would greatly strengthen this part of the paper.

2\) Several experiments need to be quantified to strengthen the main conclusions.

In particular, [Figure 3A](#fig3){ref-type="fig"} needs to be quantified to answer the question: "Does all of ciliary SAG1-C65-HA end up in the supernatant?"

In [Figure 4C and 5A](#fig4 fig5){ref-type="fig"}: How many vesicles are found per cilium?

[Figure 4F](#fig4){ref-type="fig"}: What is the enrichment factor of SAG, FMG1 and PKG in ectosomes? The abundance of each protein could be expressed as a relative western blot intensity (using infrared laser-based scanning of fluorescent secondary antibodies in the linear range of measurement) per mg of proteins in the sample.
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Author response

*The logical progression of the experiments provides clarity and impact to the paper and the reviewers found little to fault in your submission. The major points that need to be addressed are as follow*:

*1) The conclusion that the IFT Dynein is active in the cytoplasm of* Chlamydomonas *is entirely reliant on the drug Ciliobrevin D. As this drug is a relatively newly developed reagent, further work may uncover caveats with its use such as off-target effects. The use of a temperature-sensitive mutant of IFT Dynein (described in* [@bib10]*; doi:10.1083/jcb.201206068) to repeat the major findings (*[*Figure 1 A and B*](#fig1){ref-type="fig"}*) would greatly strengthen this part of the paper*.

As shown in the revised manuscript, new experiments with an IFT dynein mutant confirmed the Ciliobrevin D results that the retrograde IFT motor is required for apical localization and ciliary entry of SAG1-C65-HA during gamete activation. Last summer we had initiated a collaboration with Dr. Susan Dutcher to introduce SAG1-HA into her dynein heavy chain 1b (DHC1b) temperature sensitive mutant, *fla24* (Lin et al., Cilia, 2:14, 2013), but we did not have the results until recently. Because we had those strains in hand, we have used them for the experiments in the revised manuscript instead of the *dhc1b-3* ts mutant described in [@bib10], that was suggested in your letter. The phenotype of *fla24* is quite similar to that of *dhc1b-3*. The levels of DHC1b and the light intermediate chain of cytoplasmic dynein 1b, D1bLIC, are substantively depleted in both *fla24* and *dhc1b-3*, even at the permissive temperature. The extent of depletion was not quantified by Engels et al., but the amount of depletion shown in their blots appeared to be similar to that of Lin et al., who reported a 16-fold reduction compared to wild type of both proteins at the permissive temperature. Thus, both "ts" mutations in DHC1b lead to significant instability and degradation of the protein at the "permissive temperature", and we carried out our experiments at the permissive temperature. As we indicate in the manuscript, the resting *SAG1-HAfla24* gametes have relatively large amounts of SAG1-C65-HA in their cilia at the permissive temperature compared to wild type, indicating that the retrograde IFT motor functions in membrane protein trafficking during the cilia formation that accompanies gametogenesis and possibly during ciliary maintenance in resting gametes. Importantly, though, SAG1-C65-HA apical redistribution and ciliary entry upon db-cAMP activation were blocked in the DHC1b-depleted *fla24* gametes.

*2) Several experiments need to be quantified to strengthen the main conclusions*.

*In particular,* [*Figure 3A*](#fig3){ref-type="fig"} *needs to be quantified to answer the question*: *"Does all of ciliary SAG1-C65-HA end up in the supernatant?"*

*In* [*Figure 4C and 5A*](#fig4 fig5){ref-type="fig"}: *How many vesicles are found per cilium?*

[*Figure 4F*](#fig4){ref-type="fig"}*: What is the enrichment factor of SAG, FMG1 and PKG in ectosomes? The abundance of each protein could be expressed as a relative western blot intensity (using infrared laser-based scanning of fluorescent secondary antibodies in the linear range of measurement) per mg of proteins in the sample*.

The revised manuscript now includes quantification of recovery of SAG1-C65-HA in the supernatant (75% recovered) and protein enrichment/de-enrichment in ciiary ectosomes (nearly 6-fold enrichment of SAG1-C65-HA and 0.1-fold of FMG1 in ciliary ectosomes compared to cilia). We used conventional blotting methods and ImageJ for our analysis under conditions in which the amount of protein loaded was proportional to the band intensities. We have omitted the PKG results because of a higher molecular mass, cross-reactive band of unknown origin that interfered with our analysis. We feel it would take a substantial amount of time to determine whether the higher mw band is a multimer of PKG or an artifact. Since the blots show that several ciliary proteins are substantially decreased and we quantify FMG1 de-enrichment, we do not feel that omission of PKG changes the interpretation or conclusions. We agree that it might be interesting to use TEM to quantify amounts of vesicles associated with cilia during release and when we add them back to cells. These are highly dynamic processes, and to avoid variation, we took samples at consistent times. Of course, there was some variability from experiment to experiment, but the TEM experiments were carried out multiple times by two of us, and the electron micrographs in [Figures 4 and 5](#fig4 fig5){ref-type="fig"} are representative of typical amounts of vesicles we observed. To obtain full information about vesicles per cilium would require an extensive analysis at many time points, and, with the variability's inherent in using unfixed samples and negative staining, we are just not sure that such an analysis would add important new information not already provided by the existing TEM and by our biochemical analysis.

[^1]: These authors contributed equally to this work.
